Miró Richart, P.; Marín García, ML.; Miranda Alonso, MÁ. (2016). Radical-mediated dehydrogenation of bile acids by means of hydrogen atom transfer to triplet carbonyls. Organic and Biomolecular Chemistry. 14(9):2679-2683. doi:0.1039/c5ob02561c. The aim of the present paper is to explore the potential of radical-mediated dehydrogenation of bile salts (BSs), which is reminiscent of the enzymatic action of hydroxysteroid dehydrogenase enzymes (HSDH). The concept has been demonstrated using triplet carbonyls that can be efficiently generated upon selective UVA-excitation. 
Introduction
Bile acids (BAs) are a family of amphiphilic steroids that play a pivotal role in a wide variety of physiological functions, such as elimination of cholesterol or solubilization of lipids. [1] [2] [3] Chemically they share a steroidal skeleton with an unusual cis fusion between rings A and B, a short lateral chain ending in a carboxylic moiety and different numbers of hydroxyl groups on the α-face. These structural characteristics contribute to their facial amphiphilia, associated with a convex hydrophobic α-face and a concave and hydrophilic β-face (Fig. 1) . 4 Primary BAs, cholic acid (CA) and chenodeoxycholic acid (CDCA), are biosynthesized directly from cholesterol in the hepatocytes of the liver; secondary BAs, deoxycholic acid (DCA) and lithocholic acid (LA), are produced in the colon by enzymatic deoxygenation of the hydroxyl group at the C-7 position of CA and CDCA respectively. Ursodeoxycholic acid (UDCA) is the epimer of CDCA at C-7 and is also found at low concentrations in humans. 5, 6 The amphiphilic properties of BAs allow aggregation in aqueous solution by the interaction of the β-faces of the monomers, giving rise to the primary aggregates, that agglomerate as the concentration increases. [7] [8] [9] Fig. 1 Chemical structure of bile acids.
Bacterial transformations of BAs have recently attracted considerable interest in connection with diseases of the human gastrointestinal tract and, more specifically, colon cancer. 10 In addition, products obtained in the biotransformation of BAs by bacteria have been exploited in the commercial production of biologically active compounds.
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The microbial transformations of BAs include dehydrogenation of the α-OH groups at positions C-3, C-7 and/or C-12, which results in the oxidation to the corresponding oxo-derivatives in a reversible, regio and stereoselective manner. 12 In general, these processes are driven by hydroxysteroid dehydrogenases (HSDHs) that belong to the family of oxidoreductase type enzymes and use the nicotinamide adenine cofactors NADPH/NADP + or NADH/NAD + with an efficient recycling system, 13 such as the pyruvate/lactate pair (Fig. 2) . The potential of HSDHs as a tool to discover new lead compounds for the pharmaceutical industry has been explored by means of combinatorial biocatalyzed approaches. This strategy has been effectively used to generate libraries of BA derivatives suitable for high-throughput biological screening. 11 An interesting application is the chemoenzymatic/multienzymatic synthesis of UDCA, 14, 15 a drug used to dissolve cholesterol gallstones. 16 With this background, the aim of the work described in the present paper is to explore the potential of radical-mediated dehydrogenation of bile salts (BSs), which would be reminiscent of the enzymatic action of HSDH. As this new approach is based on a different reaction mechanism, it could allow, after optimization, the achievement of complementary regio and stereoselectivities that could expand the available synthetic toolbox. To prove the concept, carbonyl triplets, such as those of benzophenone (BP) derivatives ( Fig. 3) , have been chosen because they can be efficiently generated upon selective UVA-excitation and have reactive nπ* electronic configuration. In fact, they are known to act as formal biradicals, mediating H-abstraction from allylic positions in polyunsaturated fatty acids 17, 18 and cholesterol, 19, 20 a key step in type I lipid peroxidation. In spite of the intensive efforts devoted to developing alcohol oxidation methodologies, the photochemical dehydrogenation for synthetic purposes remains almost unexplored, and the reported examples are essentially restricted to benzyl alcohols.
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Results and discussion
A simplified picture of the radical-mediated approach to achieve dehydrogenation of BSs is shown in Fig. 4 . It involves generation of free radicals through hydrogen atom transfer (HAT) from BSs to triplet BP derivatives, ultimately leading to reduction of the BP chromophore concomitantly with formation of the oxo-analogs of the corresponding BSs. Accordingly, the direct reactivity of triplet BP with BSs in the initial step was evaluated by determining the kinetic rate constants using laser flash photolysis (LFP), and the overall reaction was monitored through the disappearance of the typical BP absorption band at 260 nm. The outcome of the reaction was assessed by isolation and full spectroscopic characterization of the dehydrogenated BS products. 
Generation and detection of free radicals
The 
Radical-mediated reactivity
To quantify the reactivity of 3 KPMe* with BSs, the quenching rate constants were determined. Hence, the triplet decay was monitored (λmax = 520 nm) upon increasing BSs concentrations and, in fact, a progressive shortening was observed in all cases (see Fig. 6 top for NaCA as a representative example). The reverse of the triplet lifetime was plotted versus BS concentrations, and the corresponding rate constant values were obtained from the slopes of the linear fittings ( Fig. 6 bottom and Table 1 ). In general, the observed reactivity for the initial HAT step followed the same trend as the number of CHOH moieties in the BS, thus indicating that the isopropanol-like methine hydrogens are indeed the most reactive sites. The regioselectivity of HAT was evaluated by comparing the quenching rate constants obtained for NaCDCA, NaDCA and NaUDA, having the same number of CHOH moieties. The values found for NaCDCA and NaUDCA having the two hydroxyl groups at C-3 and C-7 (either on the α-or β-face) were similar; by contrast, a remarkably lower value was found for NaDCA whose hydroxyl groups were at C-3 and C-12. Assuming an additive effect and comparing these values to the one obtained for NaLA, in which only one hydroxyl group (at C-3) is present, the contribution of each position could be inferred. Therefore, the order of reactivity of the hydrogen atom in the HAT step was C-3 < C-12 < C-7. Nonetheless, it has to be considered that the processes occurring to the long-lived radical species KPMe-H˙ are much slower than the initial HAT; hence, the rate determining step for the overall reaction is not triplet quenching by the BSs.
The steady-state photolysis of KPMe with NaCA in solution was monitored by UVspectrophotometry, following the characteristic KPMe band at 260 nm (Fig. 7) . As expected for a triplet reaction, the kinetics was much faster under N2 than under O2, supporting the role of the oxygen-quenchable 3 KPMe* in the dehydrogenation process. 
Isolation and characterization of dehydrogenated BA derivatives
Initially, for analytical purposes, an acetonitrile solution of the methyl ester of CA (CAMe) and BP was irradiated (λirr centered at 350 nm) under a N2 atmosphere. The resulting crude photomixture was concentrated and purified by column chromatography yielding three products (Fig. 8) . Their structural characterization was based on 1 H and 13 C NMR spectroscopy, including NOEDIFF experiments, combined with exact mass determination. The first eluted product (A) showed a loss of four amu in the MS, together with the appearance of two new 13 C signals at >210 ppm and the disappearance of two of the signals in the 65-75 ppm region, thus pointing to the oxidation of two out of the three hydroxyl groups. Moreover, the second (B) and third (C) eluted products showed a loss of two amu in the MS and the displacement of one 13 C signal from 65-75 ppm to >210 ppm; thus, the oxidation of one of the hydroxyl groups at C-3, C-7 or C-12 was inferred in both cases. To unequivocally characterize the three photoproducts, NOEDIFF experiments were performed, and the resulting spectra were thoroughly analyzed. Compound A was unambiguously assigned as the compound resulting from the oxidation at C-3 and C- After isolation and unequivocal characterization of the methyl esters, the three oxoanalogs were subjected to saponification and used to monitor the kinetics of the photooxidation of NaCA in deaerated aqueous solution ([NaCl] = 0.2 M), in the presence of KPMe, to mimic the conditions used in the LFP experiments. The kinetics of the photooxidation was monitored by UPLC-MS operating in negative ionization mode. The obtained results (see Fig. 8 as well as Fig. S1 and Tables S1-S4 in ESI †) indicate that again the main photoproducts arise from the oxidation at C-3 and/or C-7.
Although the rate constants determined by LFP could, in principle, appear inconsistent with the product distributions obtained in steady-state photolysis, the observed differences can be explained taking into account the fact that the rate constants are associated with the initial step while the product distributions are the result of the global process that includes disproportionation or reversible HAT in the primary radical pair. Indeed, the long lifetime of KPMe-H˙ supports that the subsequent processes occurring from this species are in the origin of the observed regioselectivity.
Conclusions
Dehydrogenation of bile acids at positions C-3 and/or C-7 has been achieved by a radical-mediated mechanism, which is reminiscent of the enzymatic action of hydroxysteroid dehydrogenases. The triplet excited states of benzophenone derivatives, generated upon selective UVA-excitation, have proven to be appropriate radical precursors, which operate through hydrogen atom transfer from the methine CHOH groups. As this new approach is based on a different reaction mechanism, it could allow, after optimization, achievement of complementary regio and stereoselectivities that could expand the available synthetic toolbox. 
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